Introduction
The knowledge of electron and hole effective masses and conduction and valence band offset values in a metal-oxide-semiconductor (MOS) device can facilitate simulation of Fowler-Nordheim (FN) tunnelling currents through a MOS device at high fields. The FN onset field and the dielectric breakdown field can also be determined. The FN onset field can be obtained for a minimum displacement current density of 10 -8 -10 -9 A/cm 2 , and the dielectric breakdown field can be obtained for a current density of 10 -4 A/cm 2 , with the above knowledge. The onset field is the upper limit to which the oxide can work as a good insulator without injection and trapping of carriers in it. The trapping of carriers causes degradation of the oxide and reduces its reliability. The above knowledge of carrier effective masses and band offsets can also be utilized to determine oxide thickness to within 0.3nmof other physical techniques of thickness measurement [1] . In view of the above, the determination of the electron and hole effective masses and band offset values in a MOS device is of utmost importance. These tunnelling parameters can be determined from the FN tunnelling equation. The equation models the current-voltage characteristics across a MOS device at high fields [2] . The electron effective mass in the thermal oxide as insulator has been determined earlier to be 0.42m, where m is the free electron mass based on the free Fermi gas model for the carriers at the emitting electrode of a MOS device in accumulation [2, 3] . In the present study, the carrier effective masses in the thermal oxide are determined utilizing the gate tunnelling electron current and the substrate hole current versus the oxide voltage characteristics of a MOSFET. These currents are obtained from carrier separation in an n-channel silicon MOSFET device in inversion [2] , with the oxide bandgap value taken as 8.9eV [4, 5] . The carrier mass values obtained are 0.42m for the electron effective mass and 0.58m for the hole effective mass for a free Fermi gas model of carriers at the emitting electrode. However, if quantum confinement of carriers is considered at the emitting electrode, where the conduction or valence band edge forms a triangular potential well when biased, then these values have to be corrected. Nearly 70% population of carriers is calculated to be residing at the ground state subband energy level in the potential well [6] , which reduces the electron barrier to oxide conduction band by 0.2eV [7] , and the hole barrier to oxide valence band by 0.16eV [8] in Si<100> MOS devices. The corrected electron and hole barrier heights due to quantum confinement results in the electron and hole effective masses in the thermal oxide to 0.51m and 0.65m respectively. It needs to be mentioned here that quantum confinement which causes bandgap broadening at the semiconductor-oxide interface and affects the carrier effective mass calculations, is valid for extremely thin channels in the MOSFETs when the peak of the electron concentration lie several angstroms away from the Si/SiO 2 interface and thus reduces the saturation current. To the author's knowledge to date, quantum correction models, such as the triangular potential well model used by Weinberg [7] has not been able to reproduce the reduced saturation current characteristics in the MOSFETs having thin channels.
I. Theory:
FN electron and hole tunnelling has been observed in Si and SiC MOS devices and in organic light emitting diodes [9] [10] [11] [12] . The FN equation models the current-voltage characteristics across a MOS device at high fields. It is given by the classical equation [7, 10] :
where J is the current density across the MOS device in A/cm 2 ,E is the oxide electric field in V/cm, and the preexponent A and the slope constant B are given by:
In A and B constants, e is the electronic charge, m is the free electron mass, m ox is the electron or hole mass in the oxide, is Planck's constant and is the electron or hole barrier height expressed in electron volts. A plot of ln(J/E 2 ) versus 1/E, called an FN plot, gives the value of the slope constant B, from which ( ⁄ ) ⁄ ⁄ product can be obtained. Then, with a known effective mass, can be calculated, and with a known , the effective mass in the oxide can be calculated. The slope constant B is very sensitive to the oxide field as it is in the exponential and therefore precise determination of the oxide field is absolutely critical in the evaluation of the tunnelling parameters. The ln(J/E 2 ) term is relatively much less sensitive to the oxide field as it is in the natural logarithm.
A. Formulation of the oxide voltage in a n-channel-MOSFET:
In an ideal MOS diode, if the applied voltage across the diode is V, then ⁄ is the voltage across the oxide [13] . For an n-channel MOSFET Q d is negative, giving a positive voltage across the oxide insulator. The threshold voltage for strong inversion, V T for a practical MOS device is expressed as:
where, is the metal-semiconductor work function difference, Q i is the oxide insulator charge density, C i is the oxide insulator capacitance per unit area, Q d is the depletion charge density in the semiconductor, and is twice the bulk potential in the semiconductor at which strong inversion occurs for the MOS device and is the polysilicon depletion potential. For an applied voltage V T across the MOS device, ideally -Q d /C i will fall across the oxide. So, the voltage across the oxide -Q d /C i can be expressed as: ; is the reverse bias applied to the substrate of a MOSFET. It is used to control the threshold voltage in a MOSFET. This is the same equation as developed by Depas and co-researchers [14] , except that V sb is also part of the equation for a MOSFET. In terms of the threshold voltage V T , the equation can be written as: ;
For an n-channel MOSFET in inversion, V sb is negative, V T is positive, and Q d is negative. Also, Q d gets modified due to the application of V sb . Therefore, utilizing the absolute voltages for an n-channel MOSFET, the expression for the oxide voltage for electron tunnelling across the ideal oxide that does not contain any positive charges, can be written as:
The electron tunnelling across the oxide is represented by the gate current in the n-channel MOSFET [9] . The substrate hole current in the n-channel MOSFET [9] is believed to be due to the back injection of hot holes from the polysilicon anode having the hole barrier of 4.6eV from the valence band of the polysilicon anode to the oxide valence band [15] . Once the hot holes come into the valence band over the barrier [15] , the hole current follows the exp(-B/E) dependence of the FN tunnelling equation (1) through the oxide. An nchannel MOSFET having substrate hole conduction is identical to a p-channel MOSFET having hole injection followed by conduction with the and of p-MOSFET changed as and of n-MOSFET. This can be observed from Fig.1 (a) and (b). Fig. 1(a) shows an n-MOSFET and Fig.1 (b) shows a p-MOSFET. It can be observed that and of the p-MOSFET can be changed to and for the n-MOSFET respectively making the n-MOSFET with hole conduction similar to p-MOSFET with hole conduction. Therefore, the oxide voltage across the n-MOSFET for substrate hole current conduction can be obtained from the oxide voltage across the p-MOSFET. In a p-MOSFET, the threshold voltage equation (4) assuming that the magnitude of V T for n-and p-MOSFETs is the same. Therefore, for positive oxide charges, the threshold voltage equation (4) for the p-MOSFET can be written as:
Interchanging and and multiplying throughout by -1, gives:
Here, for V T as the applied voltage, Q d /C i is the ideal drop across the oxide. This drop in voltage for an applied voltage V T can be written as V ox . Therefore, for | | | | as the applied voltage, the oxide voltage drop across the n-MOSFET with hole conduction can be written as:
For the sake of simplified intermediate steps in formulation of the corrected oxide voltage, the V fb for n-and p-MOSFET is assumed to be the same. Now, from equation (4) for V T across an n-MOSFET, where Q d is negative, is positive, and with the oxide having positive charges;
Substituting equation (12) in equation (11) gives the equation for V ox in n-MOSFET having hole conduction as:
Thus, for an n-channel MOSFET device, equation (8) represents the corrected oxide voltage for electron conduction through the oxide, and equation (13) represents corrected oxide voltage for substrate hole conduction through the oxide. The addition of V T for hole conduction in equation (13) suggests that for electron conduction becomes for hole conduction. The oxide voltage for electron conduction is therefore different from the oxide voltage for hole conduction. This point is also discussed in the authors's earlier work [2] . It is shown that the oxide voltage has to be corrected by the flatband voltage for MOS devices in accumulation. In Determination of electron and hole effective masses in thermal oxide utilizing an n-channel...
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4 | Page the present study utilizing an n-channel MOSFET, the oxide voltages are modified by the threshold voltage.
II. Sample Calculations and Results:
A sample calculation for the electron and hole effective masses is performed here, utilizing the currentvoltage data on an n + -polysilicon gated n-channel Si MOSFET. Two points of current and voltage are taken in the FN regime for the gate current representing electron tunnelling current and the substrate hole current from fig. 2 of reference [9] , and are presented in Table I For the calculation of corrected oxide voltages, the threshold voltage V T is taken as 1.25V. The substrate bias adjusts the threshold voltage of the MOSFET. As the magnitude of the substrate bias V sb increases from 1V to 16V, V T also increases from 1.25V to 3.25V as presented in fig. 43 of reference [16] . Thus, V T is 1.25V for the substrate bias of -1V, in the present study. The V T values presented in the fig.43 of the above reference [16] are considered more accurate because they are calculated experimentally using the MOSFET channel conductance. The other desired parameter values are calculated and presented in Table II below. Utilizing the values of the above parameters, the corrected oxide voltages can be calculated. The corrected slope constant B is determined from the I-V characteristics using equation (1) given above. First, ( ⁄ ) ⁄ ( ⁄ )is calculated by taking at least two points on the I-V characteristics in the FN regime at high fields given in Table I . For this, the sum of the gate voltage and substrate bias voltage is used for a particular gate current or substrate current in case of the n-channel MOSFET device. This yields the uncorrected B presented in Table I . Next, the corrected B is calculated by dividing ( ⁄ ) by ( ⁄ ), where ( ⁄ ) is the same that was used for the calculation of uncorrected B, but the ( ⁄ )employs the corrected oxide voltages. This is because ( ⁄ ) does not change with the oxide field, as it is in the natural logarithm, and the oxide voltages are corrected for the same current density J as for uncorrected B. The corrected oxide voltages for the gate electron current and the substrate hole current are given in Table III . These values of oxide voltages are obtained by using equation (8) and (13) . The oxide voltage divided by the oxide thickness gives the corrected oxide field. Finally, from the corrected B value, m ox or can be determined if one of them is known using equation (3) . The corrected oxide voltages, the corrected slope constant B, the electron and hole barrier heights used, and the calculated effective masses m ox , for electron and hole are presented in Table III below. The calculated electron effective mass in the thermal oxide for an electron barrier of 3.2eV from the Si conduction band to oxide conduction band is 0.42m. The hole effective mass in the oxide for an anode hole barrier of 4.6eV is determined to be 0.58m. For quantum confinement at the emitting electrode when biased, the reduced electron and hole barrier heights give electron effective mass in the oxide as 0.51m and the hole effective mass as 0.65m. The carrier effective mass values for a free Fermi gas model for carriers at the emitting electrode are the same as that obtained in a recent study using n-and p-4H-SiC MOS devices in accumulation with SiO 2 /4H-SiC devices having vastly different band offsets than SiO 2 /Si<100> devices [2] . This reaffirms the values and also suggests that an n-channel Si MOSFET device that allows carrier separation can be used to determine the carrier effective mass values accurately.
III. Discussion
FN tunnelling of carriers occurs in thick oxides greater than 4nm [1, 14, 17] in which the application of high electric field results in carrier tunnelling as a wave into the oxide conduction or valence band through the triangular barrier and then travels through the insulator as a particle with an effective mass to reach the opposite electrode. In oxides having thickness of 4nm or less, the electron or hole directly tunnels across the trapezoidal barrier of the MOS device to the opposite electrode as a wave without going to the oxide conduction or valence band. Thus, the carrier propagates as a wave-particle dual in FN tunnelling, and as a wave in direct-tunnelling across the MOS device. In either case the propagation is through the oxide. Therefore, the author predicts that the carrier effective masses will remain the same for all the thicknesses of the oxide or insulating materials. A recent report has modelled the direct and FN-tunneling of electrons utilizing a thickness independent tunnel mass of 0.42m [18] . Another report presents the electron effective mass in a thin tunnel oxide of 3.5nm as 0.42m [19] , which is the same as that in thick oxides [2, 3] .
The origin of the substrate current in n-MOSFETs having thin oxide from 5 to 10nm is under debate [9, 15, 20, 21] . Eitan and Kolodny were one of the first to observe substrate hole current in n-channel MOSFET having 8.5nm oxide, and attributed the hole current to the valence electron tunnelling from the Si substrate having a barrier of 4.3eV from the Si valence band to the oxide conduction band [9] . DiMaria et al. proposed later that these holes originate as hot holes from the polysilicon anode. The energy for the hot holes are provided by the FN tunnelling electrons from the cathode, which have a threshold average energy of about 5eV from the bottom of the oxide conduction band. These hot holes are concluded to be back injected from the anode over the hole barrier at the Si anode for thin oxides of 5 to 10nm. In these thin oxides, the electron transport is quasiballistic, so that the maximum electron energy at the anode is independent of the oxide thickness giving a thickness independent threshold [15] . More recently, the substrate holes are experimentally shown to be generated by FN-induced photons in the polysilicon gate [20] . A report after the above, refuted this process of hole generation and concluded that the generation efficiency of photons with energy above the Si bandgap energy is 10 -4 times smaller than that of the electron-hole pairs by impact ionization [21] . The above studies, leads the author to believe that the hot holes from the anode are back injected into the oxide over the barrier [15, 22] . After coming to the oxide valence band, the hole current follows the exp(-B/E) dependence of the FN tunnelling equation (1). The calculated hole effective mass based on this dependence is exactly the same as that determined from the FN tunnelling of holes observed in p-4H-SiC MOS devices in accumulation [2] . This value of hole effective mass is 0.58m for a free Fermi gas model of carriers at the emitting electrode. A value of 0.57m has been used earlier as a fitting parameter in a high frequency tunnel emitter transistor model [23] . The value is also consistent with the evidence of light holes near the top of the oxide valence band [24] .
The valence band offset of 4.6eV (E g , oxide -E g , Si -Si CB offset) results in the hole effective mass value of 0.58m in the oxide. This valence band offset has also been reported recently in experimental studies on remote plasma grown dry SiO 2 of 0.9 to 2.2nm, and 2nm dry thermal SiO 2 utilizing soft x-ray photoemission spectroscopy on SiO 2 /Si(100) test samples. Table I of the reference [25] presents the valence band offset for the remote plasma SiO 2 /Si(100) sample as 4.54  0.06 eV, and the more recent study on 2nm dry thermal SiO 2 /Si(100) sample presents the valence band offset as 4.5  0.1 eV [26] . The resulting hole mass of 0.58m is the same as that obtained for p-4H-SiC MOS device in accumulation undergoing FN tunnelling of holes [2] , where the Schottky barrier lowering does not change the tunnelling distance. This implies that Schottky barrier lowering in thin oxides of 5 to 10nm, in which the hot holes are injected into the oxide valence band by thermionic emission over the barrier is absent [15, 22] . This is due to the fact that the generated hot holes due to impact ionization at the polysilicon anode of the electrons arriving from the cathode also have a thickness independent energy. This eliminates any Schottky barrier lowering at the valence band which is field-dependent [22] and therefore thickness-dependent.
The oxide breakdown in thin oxide films of 5 to 10nm is intimately related to the substrate current due to hot holes, which is proportional to exp(-B/E) at high electric fields with the slope constant B of 516 MV/cm presented in Table III . An n-channel silicon MOSFET when biased in inversion as shown in Fig.1a , results in FN tunnelling of electrons from the cathode into the oxide due to the smaller electron barrier to oxide conduction band of 3.2 eV. They then arrive at the polysilicon anode, where they impact ionize and create hot holes. The hot holes inject over the hole barrier of 4.6 eV at the anode [15] and cause the substrate hole current through the oxide. Some holes are trapped in the oxide causing increase in the field at the cathode [2] . This results in larger electron current injection from the cathode into the oxide by FN tunnelling followed by increased substrate current and hole trapping in the oxide. This positive feedback results in the oxide breakdown. The time-to-breakdown is therefore proportional to exp(-B/E) with the slope constant B of 516 MV/cm instead of 350 MV/cm reported earlier [27] . This 1/E model of the anode hole injection [27] completely explains the oxide breakdown in thin oxide films of 5 to 10nm at high electric fields.
Several MOS device configurations can be used to determine electron and hole effective masses or band offsets in thermal oxide and in other viable high-K dielectrics [26, 28, 29] . Six of them are listed below:
1. A p-4H-SiC or p-6H-SiC MOS device can be used in accumulation to determine hole effective mass from the hole current versus voltage characteristics [2] . 2. An n-4H-SiC or n-6H-SiC MOS device can be used in accumulation to determine electron effective mass from electron current versus voltage characteristics [2] . 3. An n-Si MOS device can be used in accumulation to determine electron effective mass from the electron current versus voltage characteristics. 4. A p-Si MOS device can be used in accumulation to determine hole effective mass from the hole current versus voltage characteristics. Here, all the metals available as gate contact have a lower electron barrier to oxide conduction band as compared to the hole barrier of 4.6eV at the Si anode. Therefore the p-MOS device in accumulation will not have the hole tunnelling current as the dominant current. The choice of gate material should be p+ poly silicon carbide. This will ensure a 6eV valence electron barrier to the oxide conduction band and the dominant FN hole tunnelling from the Si anode having a 4.6eV hole barrier will occur at an onset field of about 14MV/cm. 5. An n-channel n+ polysilicon gated Si MOSFET having a thin oxide of 5 to 10nm can be used to determine electron effective mass from the gate tunnelling current and the hole effective mass from the substrate current. This is demonstrated in the present study. 6. A p-4H-SiC based MOS device in inversion can be used to find electron effective mass from the dominant electron current versus voltage characteristics. This method is complex because strong inversion in SiC does not take place without the application of temperature or shinning UV light. This is due to the fact that the intrinsic carrier concentration in SiC is low because of its wide band gap.
IV. Conclusion:
The parabolic electron and hole effective masses in the thermal oxide are determined to be 0.42m and 0.58m for a free Fermi gas model of carriers at the emitting electrode utilizing a Si n-channel MOSFET device in inversion that allows carrier separation. These carrier masses are related to the band offsets in SiO 2 /Si<100> MOS devices accurately though the MOSFET model and is reported for the first time. For quantum confinement of carriers at the emitting electrode when biased, the electron and hole effective masses in the oxide corrects to 0.51m and 0.65m, respectively, keeping in view that quantum correction is valid for extremely thin channels in MOSFETs. The effective masses are predicted to be the same for all thicknesses of the oxide. The device configurations discussed can be utilized with other insulating materials as well for the determination of carrier masses. Also, the 1/E model of the anode hole injection over the hole barrier of 4.6 eV completely explains the oxide breakdown in thin oxides of 5 to 10nm having a slope constant of 516 MV/cm.
